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Introduction
Preoperative resting-state functional magnetic resonance imaging (rsfMRI) for epilepsy is increasingly being used as a tool to detect alterations in brain connectivity in epilepsy. At present, rsfMRI is primarily used to define neural networks in epilepsy patients prior to a planned surgical intervention--including stereotactic laser ablation or craniotomy for resection of seizure foci. (Vadivelu et al., 2013) . Preoperative rsfMRI is able to identify eloquent cortex in epileptic patients, and the data correlates with task-based fMRI and intraoperative electrocorticography. ( Liu et al, 2009; Mitchel et al, 2013) RsfMRI has also been used to define the initial locations of epileptogenic spread from the source and differentiate these location from yet further downstream effects of epilepsy (Boerwinkle et al, 2016) . He et al demonstrated the predictive value of an rsfMRI based marker in outcomes in those with temporal lobe epilepsy (He et al, 2017) . RsfMRI has also been used to locate epileptogenic onset zones shown to have high (90%) correlation to seizure onset zones located by electrocorticography, and postoperative outcomes in a large (N = 40) prospective trial (Boerwinkle et al, 2017) .
Changes in task-based fMRI patterns after surgery for epilepsy have been described previously. (Holloway et al., 2000) However, there is limited data on the use of rsfMRI to determine changes in brain connectivity after surgery for epilepsy, particularly following ablative procedures. In our experience, we have noted normalization of rsfMRI signal after ablation of seizure foci (unpublished data), and found postoperative rsfMRI to be useful for the evaluation of brain connectivity after ablative procedures for epilepsy.
In this article, we review the role of postoperative rsfMRI after laser ablation for epilepsy. We describe our experience using postoperative rsfMRI with a case illustration, and discuss future uses of this technique in evaluating patients with epilepsy.
Resting-state fMRI acquisition and analysis
Resting-state fMRI measures synchronous changes in blood oxygen level-dependent (BOLD) signal in spatially distinct regions of the brain. In the absence of any task or stimulus, rsfMRI records spontaneous fluctuations in BOLD signal and shows regions of the brain that are temporally linked by coherent signal output. (Lee et al., 2013) The analysis of these data can reveal functional resting-state networks in the brain.
At our institution, rsfMRI for children is performed on a 3-Tesla MR scanner with a 32-channel head coil using a standardized anesthesia protocol. To reduce patient motion and produce light conscious sedation, most patients receive intravenous infusion of propofol during the time required for image acquisition. Although propofol can reduce BOLD signal strength by approximately 10%, (Marcar et al., 2006) it is preferred over general anesthesia as it allows for complete network detection. Resting-state fMRI images are acquired as two 10-minute scans in addition to high-resolution T1-weighted magnetization-prepared rapid acquisition gradient echo images. We process rsfMRI images off-line using the Multivariate Exploratory Linear Optimized Decomposition into Independent Components tool (MELODIC, www.fmrib. ox.ac.uk/fsl/melodic) with a repetition time of 2 seconds (s), high-pass filter at 100s, spatial smoothing at 1 millimeters (mm), and with motion correction. (Jenkinson et al., 2002) After motion correction, the scans are registered to the high-resolution anatomical scan using linear registration and optimized using boundarybased registration. We perform the analysis using the data-driven independent component analysis (ICA) method, which enables visualization of all signal source locations and frequencies. (Beckmann et al., 2005) Images are further refined according to novel guidelines developed to differentiate sources of noise from true neuronal signal. (Boerwinkle, et al. 2017) This analysis also allows us to compare postoperative rsfMRI data with previous functional imaging data sets. In addition, our in-house software can be merged rsfMRI network images with those used for intraoperative navigation on the Stealth (Medtronic Inc, Minneapolis, MN., USA) and Brainlab (Brainlab AG, Munich, Germany) stereotactic systems.
At our institution's comprehensive pediatric surgical epilepsy program, preoperative rsfMRI for pediatric epilepsy patients have been obtained routinely since 2011. Corresponding rsfMRI have been performed postoperatively between 6-12 months. A few patients have undergone more than one follow-up rsfMRI scan in the evaluation of recurrent seizures.
Case illustration
A 4-year-old left-hand-dominant girl with medically intractable symptomatic localization-related epilepsy (multiple daily seizures during the day and night), normal development, and a normal neurological exam was found to have right parietal lobe focal cortical dysplasia. She underwent a preoperative rsfMRI in addition to anatomical MR imaging and task-based functional MRI. Resting-state fMRI images showed a particularly atypical signal source (as defined by the guidelines from Boerwinkle et al., 2017) with high frequency in the region of the right parietal cortical dysplasia (Figure 1) . After a multi-disciplinary evaluation of her case, she underwent stereotactic placement of depth electrodes with Phase 2 invasive epilepsy monitoring followed by MR-guided laser ablation of seizure foci in the right intraparietal sulcus. Atypical rsfMRI signal sources were found to correlate better with depth electrode data as compared to the anatomical MRI.
Although she exhibited dramatic cognitive improvement and a reduction in seizure burden initially, she began to have milder seizures 1-2 times per week at 6 months after the procedure. A repeat rsfMRI was performed at 15 months following the laser ablation. Anatomical scans showed laser ablations in the right parietal cortex with a small area of residual dysplasia. Resting-state fMRI showed that although the prior abnormal perilesional high frequency signal source had substantially reduced, the signal source in the region of the right parietal lesion was still faster than typical (Figure 2 ). The patient subsequently underwent repeat depth electrode recording, confirmation of seizure focus, followed by laser ablation of the residual dysplasia lesion. Twelve months after the second procedure, the patient was seizure free and underwent a follow-up anatomical and rsfMRI (Figure 3) scan showing near-complete normalization of BOLD signal.
Discussion
A comparison of postoperative and preoperative rsfMRI is useful in defining changes in functional connectivity after surgery for epilepsy. Johnston et al. (Johnston et al., 2008) showed that postoperative rsfMRI after open corpus callosotomy in a 6-year-old child with intractable epilepsy showed decreased interhemispheric correlations in BOLD signal but preserved intrahemispheric correlations. McCormick et al.(McCormick et al., 2013) measured connectivity between posterior cingulate cortex and the remaining hippocampus using rsfMRI after surgery for temporal lobe epilepsy and found strong correlations between this metric and cognition. Recently, Osipowicz et al. (Osipowicz et al., 2016) found that postoperative change in rsfMRI pattern in addition to diffusion tensor imaging and task-based fMRI was predictive of cognitive outcomes in patients undergoing surgery for temporal lobe epilepsy. We have found rsfMRI signal to normalize after laser ablation of seizure foci, and this is often associated with seizure freedom (Boerwinkle et al, 2017) . The majority of our postoperative rsfMRI scans have been performed after laser ablation of hypothalamic hamartomas, focal cortical dysplasias, and cortical tubers. (Curry et al., 2012) In addition, a few patients have also undergone corpus callosotomy by stereotactic laser ablation. As compared to resective epilepsy surgery, laser ablation preserves cortical anatomy, possibly allowing for more accurate comparisons of functional connectivity between pre-and postoperative imaging (compared to resections via open craniotomy).
The timing of postoperative rsfMRI is critical to its utility in investigating the effectiveness of surgery for epilepsy. Patients often have a considerable early decrease in seizure burden after surgical intervention and administration of general anesthesia; seizures may only recur a few weeks to months after the procedure if the intervention was ineffective. Thus, rsfMRI may not be of optimal clinical value in the very early postoperative setting. We aim to avoid this confounder by delaying rsfMRI for at least 6 months after the surgical intervention. We have established a protocol to add rsfMRI to conventional MR imaging, and this allows us to obtain serial functional imaging at follow-up. Follow-up rsfMRI may provide functional correlates of any new or evolving disruptive abnormalities. As shown in the case-illustration above, rsfMRI may be used in combination with task-based fMRI and intraoperative electrical stimulation. Added information may aid with enhancing surgical accuracy and reduce operative risk, especially in patients undergoing repeat surgical procedures.
Although changes in postoperative functional connectivity have been shown to correlate with cognitive outcomes, (Osipowicz et al., 2016) correlations with seizure reduction and/or seizure freedom are yet to be investigated. In our experience, postoperative rsfMRI can provide useful information in identifying changes in connectivity due to seizures from perilesional tissue as well as in localizing novel postoperative seizure foci. Resting-state fMRI has the potential to be used as a noninvasive biomarker for ongoing changes in functional connectivity in children with epilepsy. In combination with the clinical status, rsfMRI may help guide antiepileptic medication dose titration, and/or asses the need for an additional surgical intervention.
The the presented illustrative case needs replication in a prospectively collected, larger data set of a specific epilepsy syndrome. The limitations of rsfMRI need to be acknowledged when using this technique to evaluate outcomes after laser ablation for epilepsy. RsfMRI can produce strong clinical correlates, association between functional connectivity and surgical treatment outcomes are high (Boerwinkle et al., 2017) , but post-operative imaging needs to be studied similarly. Resting-state fMRI like EEG provides a snapshot of brain activity at the time of the scan; however, unlike EEG-fMRI, which are event-based techniques, rsfMRI is not bound by the presence or lack of an event to detect atypical connectivity patterns. Our data-driven analysis is superior to hypothesis-driven methods that require a priori identification of regions of interest; however, it is still prone to false-positive and -negative results. Most notable of the potential types of false-positives are the downstream disruptions of connectivity due to remote seizure foci, which require experienced interpretation. Our initial experience suggests that postoperative rsfMRI complements conventional structural MRI and EEG by evaluating the impact of laser ablation on functional connectivity. We believe rsfMRI is an important tool in the multimodal assessment of epilepsy patients and can assist in a better understanding of changes in functional connectivity. , and sagittal (C) images show an atypical signal source in the region of the right parietal cortical dysplasia. The spatial location of the atypical signal source extends far beyond the visible dysplasia by MRI. The atypical features include the alternating increased activated (denoted in red) and deactivated areas (denoted in blue) spread over the deep sulci of the parietal, occipital, mesial temporal areas in the right hemisphere. These areas correlated with the broad areas of continuous epileptiform activity detected by depth electrodes placed prior to laser ablation; D. The normalized BOLD signal level (y-axis) plotted against time (x-axis, in seconds) has a higher frequency than normal; E. The power spectrum of the signal source (y-axis) plotted against frequency (in Hz/100) shows an atypical increase at 16.95-20.35 Hz/100 (normal increase in power spectrum is at or less than 3.39 Hz/100). , and sagittal (C) images show the initial ablated region within the right cortical dysplasia (white arrow) and surrounding atypical signal source in blue. The spatial extent of the atypical signal source is substantially reduced compared to the preoperative image (Figure 1 A-C) and no longer shows the preoperative alternating activateddeactivated activity. These areas correlated with the perilesional interictal epileptiform activity detected intraoperatively by depth electrodes; D. The normalized BOLD signal level (y-axis) plotted against time (xaxis, in seconds) is slower than preoperatively ( Figure 1D ) but has not normalized completely; E. The power spectrum of the signal source (y-axis) plotted against frequency (in Hz/100) is normal in this scan. Figure 2D ), but still had a very small increase in variability of frequency; E. The power spectrum of the signal source is normal in this scan.
